Abstract. We introduce a methodology that synthesizes topography, gravity, crustal-scale seismic refraction velocity, and surface heat flow data sets to estimate dynamic elevation, i.e., the topography deriving from buoyancy variations beneath the lithosphere. The geophysical data independently constrain the topographic effects of surface processes, crustal buoyancy, and thermal boundary layer thickness. 
In actuality, high elevation of the western U.S. Cordillera probably derives from some combination of lithospheric extensional thermodynamics, convective thermal buoyancy, and magmagenic buoyancy. The objective of this paper is to better understand the relative importance of various contributors to western U.S. elevation. We attempt to isolate the topographic expression of each of the processes that influences elevation of the western U.S. Cordillera, using a combination of geophysical constraint, signal processing, and threedimensional geodynamic modeling. We first remove the topographic effects of various near-surface processes (e.g., erosion, deposition, volcanic construction, fault displacements, and strain) using an isostatic analysis of lithospheric loading. Next, we constrain the crustal contribution to surface elevation from regression of seismic refraction velocities to density. The effects of conductive geothermal variations are estimated from surface heat flow' measurements. We also assess the contribution of a hypothetical Yellowstone hotspot swell with the aid of a numerical flow model of thermally driven upwelling. Finally, we consider the possible effects of magmagenic buoyancy using a simple melt model.
Magmagenic Buoyancy
Mantle magmagenesis entails the preferential melting and separation of Fe and A1 silicates in a mantle aggregate. In a mantle partial melt, both the liquid phase and the solid residuum will be less dense than the original aggregate [Jordan, 1978; Fujii and Kushiro, 1977] . 
Topographic Analysis
The topography of the western U.S. Cordillera is among its most striking and enigmatic geophysical expressions (Plate 1). Many different processes have shaped the landscape, and often they occur at overlapping scales and depths, or have complex interrelationships. From a geodynamical perspective, we are particularly interested in observing and modeling the elevation response to sublithospheric mantle processes. Isolation of hotspot swells, for example, is relatively straightforward for oceanic lithosphere [e.g., Crough, 1983] , but continental topography is dominated by processes that are typically much less well constrained than in oceans. These include the complex interplay of tectonic strain partitioning with erosion and deposition, the thickness and bulk composition of the crust, and thermal structure and composition of the mantle lithosphere. As an alternative to smoothing, structures generated by surface processes can be segregated via analysis of isostatic response. The isostatic response to surface loads is distributed by flexure of the lithosphere, and consequently, these features are undercompensated by local subsurface mass (as observed from the relationship of gravity to topography; see Figure 1 ). On the other hand, mantle buoyancy anomalies will slightly "overcompensate" local topography (or more accurately, the topography undercompensates these mass anomalies).
Hence one can decrease the near-surface "noise" by comparing elevations with gravitational potential and removing the undercompensated components of topography.
Surface and subsurface loads can be separated by exploiting spectral coherence and transfer functions of gravity and topography [Forsyth, 1985] A subsurface load will be undercompensated by local topography, whereas surface loads are undercompensated by local mass anomalies.
½ --2•rG ft-h (dp/dz)exp (-kz) dz. The linear equations (1) are solved for the two unknown load amplitudes given an assumed value of the flexural rigidity D, and then the topography is separated into amplitudes of a component due to surface loading HT(k) and a component due to subsurface loading HB(k) via
Conceptually, h2. ( The total standard error in the surface process elevation estimate is the root-mean-square (RMS) sum of these two sources of error. Surface process elevation that is less than the one-sigma error is represented in Plate 3a as white with contours, elevations between onesigma and two-sigma are depicted with half-saturated color, and full color saturation indicates elevation that is significant at 95% confidence. Despite being approximately zero mean, surface process elevation exceeds two-sigma error for more than 55% of the map area. •$0% of the map area exceeds the one-sigma error and •20% exceeds two-sigma error. Note that the estimated crustal elevation that exceeds two-sigma error is not necessarily any less uncertain than in those areas which are depicted white with contours' Full color saturation, in this instance, simply means that the crustal mass differs from that of "average" continental crust at > 95% confidence.
Conductive Thermal Variations
The raw elevation (Plate la) that is not accounted for by surface loading (Plate 3a) and crustal mass variations (Plate 3b) corresponds to the elevation response to mantle buoyancy. At this point in the analysis, we would like to begin to distinguish elevation signals according to their root processes. Namely, how much of the topography is a consequence of variable thickness of the thermal boundary layer, how much is due to thermal variations in the asthenosphere (e.g., hotspots and other convective processes), and how much results from the thermodynamics of magmagenesis? Geotherms from the numerical solution of (5)- (9) were converted to a mass anomaly via One-sigma errors in the estimate of thermal boundary layer elevation were calculated independently for each of the possible error contributors. Most of these errors map nonlinearly into elevation, in which case the larger of the two possible elevation errors was adopted. All six error estimates were combined in RMS sum to produce the confidences depicted in Plate 3c. The errors are skewed, with larger error on lower elevations because the nonlinear mapping of heat flow to mass is more sensitive to errors when geotherms are cold. Although the elevation estimate is approximately zero mean, more than 50% of the map area exceeds the one-sigma error.
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Dynamic Elevation Estimate
Elevation contributions from surface loads (Plate 3a), crustal mass anomalies (Plate 3b), and mantle thermal anomalies (Plate 3c) were subtracted from the observed topography (Plate la). The remainder (Plate 3d) approximates the elevation response to asthenospheric buoyancy, i.e., the dynamic elevation. Dynamic 
Processes of Mantle Buoyancy
In the course of the analysis thus far, we have estimated the contribution of thermal boundary layer buoyancy from surface heat flow measurements, and we have numerically modeled the expression of convective thermal buoyancy from a hypothetical Yellowstone plume.
While both of these processes can contribute significantly to elevation, each by itself, and indeed both of them combined, are inadequate to explain the mantlederived elevation of the Cordillera. Compositional and melt buoyancy has also been hypothesized to contribute to Cordilleran mantle elevation. We will examine this possibility more closely using a simple model of magmagenesis. Finally, we will consider some other alternative models for generating dynamic elevation. . We infer from this that the dynamic elevation anomaly is truly dynamic rather than compositional. Moreover, given that partial melt variations probably contribute only slightly to elevation, we expect that some sort of asthenospheric thermodynamic anomaly is required.
Thermal Boundary Layer

Alternative Sources of Dynarnic Buoyancy
There are several other possible sources for Cordilleran dynamic elevation in addition to those discussed thus far. These include (1) another form of superadiabatic upwelling (different than, or in addition to, the Yellowstone hotspot modeled previously), (2) phase boundary deflections as a result of passive (strain-driven) vertical flux, and (3) deeper buoyancy In order to generate dynamic elevation, however, the upwelling would have to be superadiabatic. In a perfectly isentropic mantle, upwelling would not generate the thermal anomaly needed to produce dynamic elevation. Extension-driven upwelling would be superadiabatic if, for example, the deeper material tapped by upwelling were, by chance, anomalously hot. This mechanism is appealing because most of the significant dynamic anomalies coincide with the rifted northern and southern Basin-Range provinces and also because MORB-type volcanism in the Cordillera appears to require a thermodynamic "push."
On the other hand, an adiabatic (passive) upwelling can also generate dynamic topography via deflection of phase boundaries by latent heat effects [e.g., Christensen, 1998]• Surface topographic response to a 660 deflection would be small (<• 500 m in the Airy limit) and negative for upwelling [Christensen, 1998] (<•2500 km wavelength) at •800 km depth. Response kernels are sensitive to viscosity structure, which remains somewhat uncertain. However, on the small scale of anomalies considered in this study, deeper buoyancy is unlikely to be a significant contributor.
Discussion
It is worth noting that the original purpose of this analysis was simply to isolate and numerically model the Yellowstone hotspot swell, and only after careful consideration of the results did we conclude that dynamic elevation in the Cordillera has more complex origins. The analysis performed here permits us to conclude to >95% confidence that the mantle component of buoyancy includes a large (•2 km) dynamic contribution. Extensional thinning of the conductive thermal boundary layer certainly contributes to elevation, but not enough to generate the observed mantle anomaly. However, while a part of the dynamic elevation signature is similar in location and appearance to the flow model of Yellowstone dynamics, this by no means provides a "smoking gun" as to the presence or absence of a Yellowstone swell, and moreover, we can offer little insight into the relative contributions of convection, magmatism, superadiabatic upwelling, and adiabatic phase boundary dynamics to Cordilleran elevation. There are physical and geophysical observations to suggest that any or all of these processes may play a role.
Also, we must stress that some of the conclusions reached herein depend critically on the assumed value of uppermost mantle thermal conductivity. The temperature-dependent thermal conductivity relation used in this analysis yields K = 2 to 2.8 W m -1 øK-1 in the mantle, as opposed to K = 5 corresponding to thermal conductivity of olivine at surface conditions. Had we used K = 5 in our calculations, the dynamic elevation in Plate 3d would disappear to within uncertainties. It has been suggested that radiative transfer 
